Introduction
The OPERA experiment [1] aims at the direct observation of ν µ → ν τ oscillations in the atmospheric sector. To this purpose, an hybrid apparatus that combines real-time detectors and nuclear emulsions was exposed to the almost pure ν µ CERN Neutrinos to Gran Sasso (CNGS) beam [2] from 2008 to 2012. In OPERA, the ν τ -charged current interactions are searched through the identification of τ lepton decay topology. Recently a fourth ν τ event candidate has been identified. The total expected background is 0.23 events. The observation of ν τ appearance is reported in [3] .
In this note we interpret the results of ν µ → ν τ oscillation search, reported in [3] , in terms of a 3 + 1 sterile neutrino model using the GLoBES software [4, 5] . The ingredients used in this analysis are briefly reported in Sec. 2, a definition of the 3 + 1 model is provided in Sec. 3, the analysis and the results are presented in Sec. 4. Fig. 1 shows the CNGS beam neutrino fluxes for the different components [6] .
Ingredients of the analysis
The cross-section of ν τ -charged current interaction on 208 Pb (σ ντ ) is evaluated using GENIE [7] . The ν τ identification efficiency ( ντ ) is estimated using the official OPERA simulation and analysis software (OpRelease).
The CNGS baseline is 730 km and a constant matter density equal to the average matter density from PREM [8, 9] is assumed in the simulation. The number of expected ν τ events µ is evaluated, using GLoBES, as:
where φ νµ is the CNGS muon neutrino flux, P µτ is the ν µ → ν τ oscillation probability while the normalization constant K includes the pot and the detector mass averaged on the pot. The effect of the detector energy resolution is not taken into account because negligible; in fact, the analysis is based only on the total number of the expected ν τ events and not on their energy distribution. The number of observed ν τ events is 4 with an the expected number of background events equal to 0.23 [3] . 
Neutrino oscillation model
In this work we consider in addition to the standard 3 neutrino mass eigenstates a further state with a mass squared difference up to a few eV 2 . We consider both normal (NH) and inverted hierarchy (IH) as defined in Fig. 2 . The four mass eigenstates are related to the three active neutrinos plus the sterile neutrino by the so called mixing
The results of this analysis are given in terms of an effective mixing parameter sin 2θ The mixing matrix U can be parametrized by a product of real and complex rotational matrices. In this analysis we use the parametrization described below:
which is also used by other LBL experiments [10] . In this representation the effective mixing is sin 2θ
The relation between the sin 2θ SBL µτ parameter and the oscillation probability at long baseline is shortly commented in the Appendix A.
In this analysis the number of expected events is evaluated by GLoBES as a function of the mixing angles θ ij and the squared-mass differences ∆m is set constant to 7.54 × 10 −5 eV 2 and ∆m 2 31 is assumed to be Gaussian with mean and sigma as obtained from global fit, i.e. (2.47 ± 0.06) × 10 −3 eV 2 for N.H. and (−2.34 ± 0.06) × 10 −3 eV 2 for I.H. [11] . The matter effects are considered too.
The likelihood L is defined as:
where P is a Poissonian depending on the number of expected events µ (which depends on the oscillation parameters θ ij , δ k and ∆m 2 ij ), n the number of observed events and π is the Gaussian prior of the nuisance parameter ∆m 
Analysis and Results
To extract limits on the sterile neutrino mixing parameters, we used the test statistic −2 ln λ p , where λ p is the profile likelihood ratio [11] defined as:
where α represents the parameters of interest (sin 2 2θ µτ , ∆m ). α and β are the maximum likelihood estimators of β and β is the value of β that maximizes the likelihood for fixed α.
In order to obtain an exclusion region at 90% Confidence Level (CL) in the [∆m SBL µτ , the minimum value of the test statistic over the allowed value of θ 24 and θ 34 is evaluated. The result is shown in Fig. 3 .
The 90% CL excluded region on ∆m 2 41 extends down to 10 −2 eV 2 for sin 2 2θ µτ > 0.5.
A small region is also excluded at ∆m SBL µτ ] plane for normal (blue) and inverted (red) hierarchy. The 90% CL excluded region obtain by CHORUS (black) and NOMAD (gray) are also shown.
Conclusions
The OPERA experiment is designed to observe the ν µ → ν τ oscillations in the atmospheric sector. Currently four ν τ event candidates were identified in the OPERA detector exposed to the CNGS beam, with an expected background of 0.23 events.
OPERA results have been used to obtain 90% CL exclusion regions for the oscillation parameters of a 3 + 1 sterile neutrino model using the GLoBES software.
The 90% CL excluded region on ∆m Appendices A. Appendix: the 3 + 1 oscillation probability at CNGS
In this paragraph, we comment on the role of sin 2θ
SBL µτ parameter in the oscillation probability at CNGS. It is worth mentioning that the analysis described in Sec. 4
is performed using GLoBES for the computation of the number of expected events including matter effects and without the approximations introduced here below. The general expression for ν µ → ν τ oscillation probability in vacuum P µτ is :
If the fourth neutrino mass state is much greater than the others, as expected from the LSND result [12] , then ∆m Consequently Eq. 6 can be approximated by:
Using the unitarity relation of the matrix U :
the oscillation probability P µτ can be written as:
For the CNGS beam the oscillating terms driven by ∆m 2 21 in Eq. 11 can be neglected. This implies that OPERA is sensitive to the elements of the third and fourth row of the mixing matrix through the combination |U µ4 ||U τ 4 | and |U µ3 ||U τ 3 | plus a possible complex phaseδ = arg U * µ3 U τ 3 U µ4 U * 
In case of no mixing between the active and sterile neutrinos Eq. 2 is reduced to the standard 3 neutrino representation.
